Background: Stem cell therapy has been proposed as a potential treatment strategy for ischemic cardiomyopathy in recent years. A variety of stem cells or stem cell-derived cells can potentially be used for transplantation. Despite improved cardiac function after treatment, one of the major problems is the poor integration between host and donor cells which can lead to post-transplantation arrhythmia and poor long-term outcome. Methods: In the present study, we cocultured murine embryonic stem cells (mES) with murine embryonic ventricular myocytes (mEVs) in hanging drops to assess the cellular interaction and function of mESderived cardiomyocytes under these conditions. Results: We found that when mEVs are added to a culture system of embryonic stem cells, the number of spontaneously beating areas in embryoid bodies (EBs) increases, intercellular gap junction communication is enhanced by upregulation of Cx43 expression at the mid-developmental stage and Cx43 is distributed more orderly between cardiomyocytes. Conclusions: Our findings suggest mES-derived cardiomyocytes are able to form effective signaling pathways through coculture with mEVs which is important for providing more functional grafts for cardiac cell therapy by improving the integration between transplanted and host cells.
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Introduction
Cardiovascular disease has become the leading cause of death in both developing and developed countries [1] . Ischemic heart diseases, including myocardial infarction, are characterized by lack of blood supply and progressive loss of cardiomyocytes, finally resulting in heart failure. The heart is known as a postmitotic organ, i.e. mature cardiomyocytes have limited self-regeneration ability after damage. Cell transplantation has emerged as a potential treatment strategy for heart failure and irreparable loss of heart cells. As pluripotent embryonic stem cells (ESCs) can self-renew, proliferate and can differentiate to cell types of all three germ layers in vitro, they are an ideal source of cells for the therapy of cardiovascular diseases [2] . Though cardiac function was improved after transplantation of ES cell-derived cells, one of the major problems in the cell therapy is that the donor cells do not integrate well with the host tissue, leading to discordant functional activities between them. This may ultimately cause post-transplantation arrhythmia and poor long-term outcome [3, 4] , due in part to a lack of intercellular connections.
The key for intercellular connections between cells are functional and ordered gap junctions (GJs). GJs are specialized membrane domains that mediate electrical and chemical coupling by forming cell-cell channels, thus directly connecting adjacent cells and allowing the passage of ions and small metabolites [5] . They primarily consist of proteins encoded by the connexin gene family in vertebrates. Gap junctions participate in the regulation of many physiological processes, such as embryonic development, coordinated contraction of excited cells, regulation of cell growth and differentiation, etc. [6, 7] . The connexin Cx43 plays a crucial role in cardiac development: mice with an inactivation of connexin 43 die shortly after birth due to an obstruction of the right ventricular outflow tract of the heart [8] . Gap junctional coupling is very important for functional integration of engrafted cells with the host myocardium [9, 10] . General downregulation of Cx43 in the host myocardium was indicated to be an important factor underlying post-transplantation arrhythmia [11] . Engraftment of Cx43-expressing myocytes has the potential to reduce post-infarct arrhythmias through increasing intercellular electrical coupling between the infarcted area and the surrounding normal tissues [12] . Thus, increasing the expression of gap junction proteins might be a way to improve engraftment. Because the survival rate of adult myocardial cells is lower than that of fetal cells, it may have an adverse effect on the electrophysiological function of host muscle cells. Cx43 is the major connexin in vertebrate ventricular cardiomyocytes. In the mouse, Cx43 is expressed at embryonic day12.5 in the trabeculated myocardium but not in the compact tissue and is uniformly expressed across the entire ventricular myocardium by embryonic day 17.5 [13] . Cardiomyocytes derived from human ES cells display structural and functional properties of early-stage cardiomyocytes [14] , are electrophysiologically immature and exhibit automaticity [15] .
The microenvironment produced by direct intercellular contact, indirect cell coculture or secreted factors in conditioned medium is important in stem cell differentiation [16, 17] . Therefore we propose to take advantage of both intercellular contact and factors released by adjacent cells to influence the co-cultured mES via paracrine effects and make the expression and distribution of Cx43 more similar to mature cardiomyocytes. Thus, we co-cultured mES cells with day 17.5 mEVs in order to find out the effect of Cx43 expression on mES cell-derived myocardial function. 
Materials and Methods

Animal Care
Harvesting and isolation of single mEV cells
Male and female mice were mated and separated in the next morning. If female mice were pregnant this was recorded as E0.5, and E17.5 was used as the late embryonic development stage [18, 19] . E17.5 pregnant female mice were sacrificed by cervical dislocation and the embryonic hearts were removed. The ventricles were separated, cut to pieces, digested into single cells using 0.1% collagenase B [20, 21] and resuspended in differentiation medium composed of Iscove's modified Dulbecco's medium (IMDM, Gibco, USA) supplemented with 20% fetal bovine serum (Gibco, USA), 100U/ml penicillin, 0.1mg/ml streptomycin, 1% nonessential amino acids, 0.1mM β-mercaptoethanol (Gibco, USA)
Coculture of mES cells and mEVs and differentiation
The D3 mES cell line was obtained from ATCC (CRL-1934, ATCC, USA) and cultured as described [22, 23] . In brief, the undifferentiated mES cells were grown on inactivated mouse embryonic fibroblasts (MEFs) with 1000 IU/ml LIF (Millipore, USA) and passaged every second day. MEFs were prepared from embryonic mice at day 14.5 and inactivated by mitomycin C (Kyowa Hakko, Japan) treatment. For differentiation, the mES cells were digested into a single cell suspension by 0.05% trypsin, centrifuged and resuspended in differentiation medium. For the mES-control group (ES group), mES cell differentiation was induced by embryoid body (EB) development through two days in hanging drops, five days in suspension culture and then plating stages according to the classical hanging drop culture method. For the cocultivation (CO group), the mES cells were mixed with mEVs at a ratio of 4:1 and differentiation was initiated as outlines above.
Scrape Loading Dye Transfer (SLDT)
Monolayer cells were washed with PBS for three times and covered with 0.5g/L Lucifer Yellow (Sigma, USA) in PBS. The monolayers were scraped with a scalpel and incubated for 5min, then washed with PBS and observed immediately in an inverted microscope (Nikon TE2000). The diffusion distance of Lucifer Yellow spread from the scratch on both sides was measured as an index of intercellular gap junction communication function.
RT-PCR and Quantitative real-time PCR
RNA was extracted using Trizol reagent according to the manufacturer's protocol. cDNA was synthesized by reverse transcription with oligo(dT) primers, using Superscript first strand cDNA synthesis kit (Invitrogen, USA). For PCR analysis, the expression levels of each gene were normalized to GAPDH. Data were analyzed in triplicate from at least three separate experiments. Primers were designed by Primer3 (http://frodo.wi.mit.edu/) and were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Primer sequences are listed in Table 1 .
Western blot
Total protein was prepared following the manufacturer's instructions in NP40 lysis reagent (Beyotime, China). In brief, cells were lysed in NP40 lysis buffer containing complex inhibitors and 1mM PMSF and 1mM phosphatase inhibitor. Proteins were denatured for 5 min, resolved on a 10% SDS-PAGE gel and transferred to nitrocellulose membranes. Membranes were blocked with 5% non-fat milk powder in TBS containing 0.1% Tween-20 for 1 h at room temperature, then incubated with primary antibody against connexin 43 (CST, USA), phospho-connexin43 (CST, USA) and GAPDH (Proteintech, China) overnight at 4 °C at a dilution of 1:1000. The membranes were incubated with secondary antibody labeled with IRDye800CW (LI-COR, USA) for 1 h at room temperature and immunoreactive bands were detected by Odyssey infrared imaging system (LI-COR, USA).
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Immunofluorescence Beating areas of EBs were dissected and digested by 0.1% Collagenase B at differentiation day 13. The single cells were replated onto gelatin-coated glass coverslips with same cell density in two groups . After 24h, adherent cardiomyocytes were fixed in 4% paraformaldehyde solution for 1 h at room temperature, washed with PBS, and then permeabilized with 1% Triton-X100 for 10 min. After blotting with 5% BSA PBS for 1 h, the preparations were incubated overnight at 4°C with Connexin 43 antibody and α-actinin antibody (Boster, China) at a dilution of 1:100. Primary antibodies were visualized by Cy3-conjugated goat anti mouse IgG (H+L) (Jackson ImmunoResearch, USA) and FITC-conjugated affinipure goat anti rabbit IgG(H+L) (Proteintech, China) at a dilution of 1: 100 for 1 h at room temperature. The nuclei were stained with DAPI (1μg/ml) for 5 min. Images were taken by an inverted microscope (Nikon TE2000).
Flow Cytometry
In brief, EBs were dissociated into single cells at diffentiation day 13 by 0.05% trypsin, and cells were incubated with a-actinin antibody (Boster, China) at a dilution of 1:50 for 1h at 37℃, Cy3-conjugated goat anti mouse IgG (H+L) was used as a secondary antibody. The percentage of α-actinin positive cardiomyocytes were assessed by Flow Cytometry (BD, USA).
Statistical Analysis
All the data were collected from at least three separate experiments. All values are given as mean ± S.E. Differences between two groups were analyzed by using Student's t-test. Results were considered statistically significant if p<0.05.
Results
Both ES and CO groups can differentiate into beating muscle cells
Our study used the hanging drop method to form EBs. EBs in both groups had similar morphological characteristics and they started beating on the same day of differentiation. At differentiation day 2, the mES cells aggregate into the form of spherical EBs (Fig. 1 A,B) . At day 5, the sizes of EBs were similar in both groups, but in the center of the EBs, cells of the CO group were more compact than in the ES group (Fig. 1 C,D) . At day 7, the EBs were transferred to a tissue culture dish for adherent culture. The cells in the EBs' center had a small volume and the cells surrounding the EBs grew extending outward, forming the growing follicle at the edge.
From day 9 spontaneously beating EBs were observed in both groups ( Fig. 1 E,F) , and the percentage of beating EBs was higher in the CO group than in the ES group. The difference was especially obvious from day 12 to 14 (** p<0.01 or * p<0.05). At day 13, the rate of beating EBs in all groups reached its maximum (Fig. 2 A) : (88.7 ± 4.9)% of all the EBs in the CO group showed spontaneous and rhythmic contraction, yet the beating rate was (66.1 ± In ES group, cTNT was undetectable at first and observed from day7, from day9 it was kept at a high level. In contrast, in the CO group, cTNT was detectable at day2, almost absent at day 5 and then upregulated from day 7.
No statistic difference between day 5 to day 17 was observed (n=3); C: DAPI-labeled and DiI-labeled mEVs were undetectable from day 5 when cocultured with mES in suspension status, while mEVs were still detectable at day 9 in direct adherent cultivation alone, Bar=200μm; D: Flow cytometry showed the percentage of cardiomyocytes between ES and CO groups was no differences (29.5±3.3% vs. 24.0±4.4% , p>0.05, n=3). (Fig. 2 A) . At day 13, EBs in the CO group (n=58) beat significantly faster (67.53 ± 1.95 vs 58.60 ± 2.33 bpm, p<0.01) than the ES group (n=47).
ES and CO groups show no difference in the quantity of mES-derived cardiomyocytes
Expression of cardiac troponin T (cTNT), a cardiac-specific gene, was measured during differentiation. The results of RT-PCR and real-time PCR showed that cTNT mRNA levels were consistent with the cardiac differentiation: cTNT expression was undetectable at day 2-5 in the ES group, and started to be expressed at day 7. From day 9 on it was expressed at high levels. In contrast, in the CO group, likely due to the presence of cocultured mEV cells, cTNT was detected already at day 2, then became almost undetectable at day 5. With the onset of differentiation of mES cells, the resulting cardiomyocytes expressed cTNT gradually, and maintained a high expression level. There was no statistically significant difference of cTNT expression between the two groups from day 5 to 17 ( Fig. 3 A,B) . Similar expression patterns were observed for a-MHC (Myh6) (data not shown). We used α-actinin as an alternative marker of cardiomyocytes, and flow cytometric results showed that there was no difference in the percentage of cardiomyocytes between ES and CO groups (29.5±3.3% vs. 24.0±4.4%, p>0.05), suggesting that coculture with mEVs did not able to alter the cardiomyocytes differentiation rate (Fig. 3 D) .
Gap junctional communication was enhanced in CO group
Our experiments showed there were more EBs with contractile areas in the CO group than in the ES group, and different beating frequencies, but no difference at the level of cardiac specific gene expression was observed. We hypothesized that the increase of beating EBs is not due to the increase of myocardial cell numbers, but due to enhanced intercellular signaling which makes more cells participate in effective contraction. Gap junction communication, as evaluated by scrape loading dye transfer, was clearly enhanced by coculture treatment (45.4 ± 0.6 vs 85.8 ± 1.4 μm) (Fig. 4) .
Cx43 expression is higher in CO group than in ES group
We therefore measured the expression of the major gap junction protein in the heart, Cx43, by PCR and Western blot at day 13. The level of Cx43 mRNA in the CO group was higher (35% ± 2%) than in the ES group at day 13 (p<0.01, Fig. 5 A) . There was no significant difference of Cx43 mRNA expression between the two groups when measured at day 9 and day 17.
Western blotting was used to evaluate Cx43 protein expression on day 13 ( Fig. 5 B) by analyzing the ratio of Cx43 and the housekeeping gene GAPDH. Total Cx43 was present in A: Cx43 mRNA levels were higher in the CO group at day 13. No significant difference between the two groups were observed at day 9 and day 17 (n=3) (**p<0.01); B: Total Cx43 was present in four different bands, the fast non-phosphorylated form, and the slower phosphorylated Cx43; C: Total Cx43 levels were higher in the CO group than in the ES group (**p<0.01); D: Total pCx43 in the CO group was higher compared to the ES group (**p<0.01), S368pCx43 levels showed no significant differences between groups (n=4).
Fig. 6.
Immunofluorescence staining of mES-derived cardiomyocytes. At differentiation day 13, the beating areas of EBs were dissociated into single cells, re-plated on glass coverslips and immunostained with antibody against α-actinin and Cx43 after 24h cell culture (magnification: 400X, scale bar=25μm). The α-actinin positive cells are myocardial cells. Cx43 expression were high in the CO group, and were found to be diffusely distributed in the cytoplasm and cell membrane, some Cx43 signals were detected in contact points of two connected cells (arrow), arranged orderly. In the ES group, Cx43 was scattered in the cytoplasm and the cell membrane. implicated in the regulation of gap junctional communication [5] . The total phosphorylated Cx43 (pCx43) was calculated as P1+P2+P3, and total pCx43 was higher in the CO group compared to the ES group by (54% ± 19%) (p<0.01). Cx43 phosphorylation at Ser368 was measured as this phosphorylation event plays an important role in the GJ channel lifecycle, is associated with reduction in dye transfer and calcium communication and is associated with a more closed state of gap junctions [24] . However, no significant difference between the two groups was detectable (Fig. 5 D) .
Location of connexin43 in both groups
Double-label immunofluorescence was used to detect the presence and location of Cx43 in mES-derived cardiomyocytes (Fig. 6 ). Cx43 expression was high in the CO group; its distribution was diffuse inside the cell, and in the plasma membrane, some foci were located at regions of intercellular contacts (arrow) and were arranged in an ordered manner. In the ES group, Cx43 distribution was diffuse inside the cell and in the cell membrane. In the CO group, single cardiomyocytes were able to form intercellular connections rapidly.
Discussion
In this study, we demonstrated that coculture with LDS mEVs clearly increases the percentage of spontaneously contracting of EBs. We hypothesized that this increased percentage may be due to increased numbers of myocardial cells. We measured the myocardial-specific markers cTNT and Myh6. To our surprise, no difference in cTNT expression during day 5 to day 17 was observed, showing that cocultivation with immature embryonic myocardium is insufficient to induce more ES-derived cardiomyocytes. According to the RT-PCR results, no cTNT expression was initially detectable in the ES group. After 7 days, mES cell-derived myocardial cells began to express cTNT and expression reached a peak on day 13, maintaining a high level expression in the subsequent period. In contrast, because of coculture with cTNT-expressing mEVs, cTNT was detectable on day 2 in the CO group, but on day 5 cTNT was almost undetectable. To confirm the origin of cells, we labeled mEVs with DAPI or DiI, respectively. Beginning from day 5, the mEVs labeled with DAPI/Dil disappeared in CO group. Yet they still existed in mEVs control group at day 9 ( Fig. 3 C) . This suggested the disappearance of fluorescence was due to the lack of labeled cells, rather than due to fluorescence quenching. It might be that adherently growing mEVs lose their activity during the suspension cultivation and disappeared after day 5, and it can also explain that from day 7 the increase of cTNT is from mES-derived cardiomyocytes rather than from the mEVs. The disappearance of labeled cells also suggested that the effect of coculture is limited to the early phase of EB formation.
Since the amount of mES-derived cardiomyocytes shows no significant changes (Fig. 3  A,D) , we inferred that a higher percentage of myocytes participated in contractile activities. As electrochemical signals are transferred by intercalated disc structures between mature cardiomyocytes and lead to cardiomyocyte contraction, we wondered whether the myocytes form more effective signaling pathways than in the CO group. We propose the improved beating ratio of EBs is mainly due to enhanced intercellular signaling via the gap junction intercellular communication function among the myocytes. SLDT demonstrated the rapid diffusion of signaling molecules between myocardial cells in the mid-phase of differentiation. We observed fluorescence diffusion between cells in both groups, which suggested gap junctions were formed between cardiac cells, and signals could be transferred rapidly between cardiomyocytes via gap junctions and cause more cardiac cells to get excited and contract. Fast fluorescence diffusion in the CO group suggested that more functional gap junctions were formed, leading to a increased number of beating cardiomyocytes vs. ES group.
Signal conduction and coordinated contraction are closely related to the heart gap junction protein Cx43. We detected a higher Cx43 mRNA expression in the CO group than in the ES group on day 13 when the peak number of beating EBs was observed. The migration characteristics of Cx43 in SDS-PAGE gel including both unphosphorylated (P0) and phosphorylated forms (P1, P2 and P3) were as described previously [5, 25] . Musil et al. [26] reported that the newly synthesized Cx43 migrates at P0, and is posttranslationally modified, first phosphorylated to a P1 and then to a slower migrating P2 form. We confirmed that total Cx43 synthesis was up-regulated in the CO group at the protein level. Cx43 is phosphorylated at multiple different serine residues during its life cycle. Phosphorylation events occur soon after Cx43 synthesis and change as it transfers from the endoplasmic reticulum and Golgi apparatus to the plasma membrane, ultimately forming GJ structures [27] . The phosphorylation status of Cx43 regulates gap junction communication. The total amount of pCx43 was increased in the CO group. Phosphorylation at different amino acid residues has different physiological effects: S368 phosphorylation by PKC is increased after ischemia [28] , causing the disassembly of Cx43 in GJ plaques, inhibiting dye transfer and reduction of gap junctional intercellular communication [29, 30] . Our results show that there is no difference in S368-phosphorylated Cx43 between the two groups.
Electrical excitation and ion transfer between cardiomyocytes is realized by intercalated disc structures. Intercalated discs are undulating double membranes separating myocardial cells. Cx43 is localized in gap junctions in intercalated discs in mature ventricular cardiomyocytes. If Cx43 is distributed disorderly, signal transfer between cells is impaired. Immunostaining was carried out to investigate the Cx43 distribution in the neighbouring cells. We demonstrated a rapid changed cardiac Cx43 distribution: more Cx43 tends to be located in the cell to cell contact points in the CO group. EBs at differentiated day 13 are equivalent to embryos at an mid-early developmental stage. Cardiomyocytes at this stage are electrophysiologically immature [14, 15] , and Cx43 is distributed scattered inside the cell and in the cell membrane. Our findings suggest that the Cx43 distribution tends to be more mature in the CO group, but whether cocultivation improves the maturity of differentiated cardiomyocytes still needs to be further studied.
Cx43 protein levels were increased, the protein had a higher phosphorylation level and was distributed more orderly in the differentiated cells. We therefore concluded that mESderived cardiomyocytes express more Cx43 and it is located on the cell pole under coculture conditions. The phosphorylation of Cx43 also leads to the opening of GJ channels between adjacent cells, allowing more efficient signaling between differentiated cells in the CO group and ultimately increasing the number of beating EBs. Phosphorylation of serine/threonine residues is closely related to GJ opening and function. Phosphorylation of some residues, for example Ser364, S365, S369, which is mediated by PKA, increasing synthesis of Cx43, promoting the move of Cx43 to the plasma membrane, strengthening GJ assembly, enhancing GJ function [7, [31] [32] [33] , may be involved in those phosphorylation events.
Conclusion
Since the mid-phase of differentiation, the percentage of beating EBs increased obviously in the CO vs. the ES group. The molecular diffusion rate increased between beating cardiomyocytes and the ability of gap junction assembly improved significantly in the CO group by upregulation of Cx43 both at the mRNA and protein levels and Cx43 was located regularly between cardiomyocytes. Increase of Cx43 expression may be relevant to its increased phosphorylation, perhaps signaling molecules released from LDS EVMs regulated the phosphorylation of Cx43, thereby promoting Cx43 expression and functional maturity. Our study showed that utilization of the micro-environment provided by LDS EVMs to differentiate ESCs can effectively promote formation and docking of intercellular gap junctions after the mid-development phase of ESC, so as to promote signaling transmission between myocardial cells. We can take advantage of it to provide mature grafts for cardiac cell therapy, promote functional integration between transplanted cells and host cells, so as to improve cardiac function.
